In a broad range of organisms and cell types, adenylosuccinate synthetase (IMP:L-aspartate ligase (GDP-forming); EC 6.3.4.4) plays a significant role in de novo purine nucleotide biosynthesis, the purine nucleotide cycle, and/or salvage pathways for nucleotides (for reviews, see Refs. 1-3). Adenylosuccinate synthetase converts IMP and L-aspartate to adenylosuccinate using GTP as an energy source. The synthetase from Escherichia coli is a homodimer (4) . IMP may play an important physiological role in the regulation of synthetase activity by stabilizing the assembly of inactive monomers into active dimers (5, 6) . As indicated by investigations, first in kinetics (7) (8) (9) (10) (11) and then in x-ray crystallography (12) (13) (14) , the catalytic mechanism involves a nucleophilic attack on the ␥-phosphoryl group of GTP by the 6-oxo group of IMP to form a 6-phosphoryl intermediate of IMP. The displacement of that 6-phosphoryl group by the amino group of L-aspartate generates adenylosuccinate. The synthetase recognizes a limited number of substrate alternatives: 2Ј-deoxy-IMP and ␤-D-arabinosyl-IMP substitute for IMP; 2Ј-deoxy-GTP and GTP␥S 1 for GTP; and DLthreo-␤-fluoroaspartate, alanine-3-nitronate, cysteine sulfinate, L-alanosine, and hydroxylamine for L-aspartate (7, (15) (16) (17) .
Four loops, residues 40Ϫ53, 120Ϫ131, 298Ϫ304, and 416Ϫ421, undergo conformational transitions in response to active site ligands (12-14, 18 -20) . Probably as a consequence of these ligand-induced changes, the effect of a mutation in the active site is not easily anticipated from structural information alone. Asn 38 , for instance, hydrogen bonds with the 5Ј-phosphoryl group of IMP. However, the mutation of Asn 38 to alanine has no effect on the K m for IMP, but reduces k cat by 3 orders of magnitude (21) . His 41 hydrogen bonds with GDP (12) , but its mutation to asparagine also increases the K m for L-aspartate by 7-fold (22) . The mutation of Arg 143 , which hydrogen bonds with the 5Ј-phosphoryl group of IMP, not only elevates the K m for IMP by 100-fold, but also the K m for GTP by 10-fold (23 3 Ala. Nucleotide residues underlined above are mismatched with respect to the wild-type sequence. The sequencing primer used to confirm mutations at positions 128 and 129 was 5Ј-TCTGAAGCATGTCCGCT-GATC-3Ј, and that used for mutations at positions 273, 300, and 301 was 5Ј-CTGCTGGATATCGACCACGG-3Ј. Oligonucleotide synthesis and DNA sequencing (dideoxy dye termination protocol) were done by the Nucleic Acid Facility of Iowa State University. The NcoI-PstI fragment with the desired mutation was subcloned into pTrc99A and transformed into E. coli, purA Ϫ strain H1238 for expression. Preparation of Wild-type and Mutant Enzymes-Wild-type and mutant enzymes were purified as described elsewhere (21) (22) (23) (24) with the following modifications: The phenyl-Sepharose CL-4B column was washed in succession with solutions of 0.6, 0.4, and 0.2 M ammonium sulfate, buffered by 50 mM potassium phosphate, pH 7.0. Wild-type and mutant synthetases eluted from the column in 0.2 M ammonium sulfate. Appropriate fractions were pooled, concentrated, and dialyzed against 50 mM potassium phosphate, pH 7.0, then further purified by DEAE-TSK high performance liquid chromatography (Toso-Haas). Enzyme purity was monitored by SDS-polyacrylamide electrophoresis (25) , and concentrations were determined by the method of Bradford (26) , using the reagent from Bio-Rad. Circular dichroism spectra for mutant and wild-type synthetases were taken as described elsewhere (21) (22) (23) .
Kinetic Assays with L-Aspartate-The ultraviolet difference spectrum of a reaction solution, containing 20 mM Hepes, pH 7.7, 1 mM GTP, 450 M IMP, 6 mM magnesium chloride, 5 mM L-aspartate, and 20 g/ml wild-type enzyme was recorded at 25°C on a GBC UV-visible 918 spectrophotometer, equipped with a Peltier-Effert temperature controller. Kinetic parameters of wild-type and mutant enzymes were determined at 25°C by monitoring absorbance changes at 290 nm, where the extinction coefficient for the conversion of 1 mol of IMP into adenylosuccinate is 3.51 ϫ 10 6 cm 2 /mol. Assay solutions contained 20 mM Hepes, pH 7.7, 5 mM magnesium chloride, and fixed concentrations for two of the three substrates, as appropriate, in the determination of K m for the remaining substrate (11) . Fixed concentrations of GTP, IMP, and L-aspartate were 0.30, 0.50, and 5.0 mM, respectively, unless specified otherwise in tables of kinetic parameters, presented below. 1Ϫ200 g/ml wild-type or mutant enzyme was used in each assay, depending upon its specific activity. Determination of k cat and K m values employed the program ENZFITTER (27) .
Kinetic Assays with Hydroxylamine (NH 2 OH)-3 M hydroxylamine was freshly made from hydroxylamine hydrochloride and adjusted to pH 7.7 by the addition of potassium hydroxide. The ultraviolet difference spectrum of a reaction solution containing 20 mM Hepes, pH 7.7, 1 mM GTP, 450 M IMP, 6 mM magnesium chloride, 400 mM hydroxylamine, and 20 g/ml wild-type enzyme, was recorded at 25°C on a GBC UV-visible 918 spectrophotometer, equipped with a Peltier-Effert temperature controller. Kinetic assays were conducted as above at pH 7.7, using fixed concentrations of GTP, IMP, and hydroxylamine of 1, 0.5, and 400 mM, respectively, and 2-mm quartz cuvettes, to offset the strong absorbance of GTP at 280 nm. Determinations of the Hill coefficient for Mg 2ϩ came from assays that employed 25 g/ml wild-type enzyme, 100 mM hydroxylamine, 450 M IMP, 250 M GTP, and magnesium chloride from 50 M to 7 mM. At 280 nm the extinction coefficient for the conversion of 1 mol of IMP into 6-N-hydroxy-AMP is 11.7 ϫ 10 6 cm 2 /mol. Determination of k cat , K m , and the Hill coefficient for Mg 2ϩ employed the program ENZFITTER (27) . Determination of K i for Inhibitors-The inhibition constants for succinate, fumarate, and maleate were determined from a 5 ϫ 5 matrix of conditions, which systematically varied L-aspartate and inhibitor concentrations. Assays contained 20 mM Hepes, pH 7.7, 5 mM magnesium chloride, 500 M IMP, and 300 M GTP. Enzyme concentrations were 4, 30, 20, and 66 g/ml for the wild-type, Val 273 3 Ala, Val 273 3 Asn, and Val 273 3 Thr enzymes, respectively. L-Aspartate varied from one half to 5 times its K m (depending upon the mutant examined), and inhibitor concentrations varied from 0 to 15 mM succinate, from 0 to 16.7 mM fumarate, or from 0 to 10 mM maleic acid. Kinetic parameters for inhibition were determined by linear regression, using the MINITAB program and a value for ␣ of 2.0 (28) .
Sequence Comparisons-The Biology WorkBench of the San Diego Supercomputing Center (workbench.sdsc.edu) served as a platform in sequence similarity searches (29) and multiple sequence alignments (30) . Sequences of adenylosuccinate synthetases were identified initially by their match to the 9-residue P-loop of the synthetase (singleletter amino acid sequence: QWGDEGKGK).
RESULTS

Conservation of Target
Residues-Positions 129 and 273 are threonine and valine, respectively, in all sequences of adenylosuccinate synthetases extracted from the Protein Information Resource data base (a total of 45 entries), whereas positions 128 and 301 are threonine in 44 sequences (serine was the alternative residue). In 32 of 45 sequences, position 300 is threonine, the alternative residue types being valine (10 instances), serine (2 instances), and asparagine (1 instance). Sequences within the adenylosuccinate synthetase family exhibit at least 40% identity for any pairwise alignment.
Purity and Secondary Structure of Mutant Enzymes-The mutant and wild-type enzymes migrate comparably on phenylSepharose and DEAE columns. All proteins were at least 95% pure on the basis of SDS-polyacrylamide gel electrophoresis. Circular dichroism spectra of all enzymes were identical from (Table II) . All kinetic mechanisms of inhibition are competitive with respect to Laspartate, fitting to Equation 1 with a goodness-of-fit below 5%.
In Equation 1, v is the initial velocity, V max is the maximal velocity, A is the concentration of L-aspartate, I is the inhibitor concentration, K a is the Michaelis constant for L-aspartate, K i is the dissociation constant for the inhibitor, and K ia is the dissociation constant for L-aspartate. All of the position 273 mutants exhibit significant decreases in K i relative to the wildtype enzyme for at least one of the alternative dicarboxylic acids (Table II) . Each of the dicarboxylic acids, however, were more effective inhibitors (by up to 40-fold) of the Val 273 3 Thr enzyme relative to the wild-type synthetase.
Kinetics with Hydroxylamine-Ala 301 , Ala 273 , Thr 273 , Asn 273 , and wild-type enzymes exhibit similar kinetic parameters when assayed with hydroxylamine (Table III) . K m hydroxylamine , K m GTP , and K m IMP vary over a 3-fold range, whereas k cat varies 6-fold among the enzymes of Table III. The Hill coefficient for  Mg  2ϩ , however, falls from 2 to unity when hydroxylamine replaces L-aspartate (data not shown).
DISCUSSION
The residues studied here cluster in the vicinity of the Laspartate and IMP binding sites (Fig. 1) and side chain of Thr 301 hydrogen bond with the carboxyl group of hadacidin (an analogue of L-aspartate). The conformation of bound hadacidin in crystallographic complexes is consistent with an intramolecular hydrogen bond between the ␤-carboxyl and ␣-amino groups of L-aspartate (3, 12) . The ␤-carboxyl group may then abstract a proton from the ␣-amino group of L-aspartate in catalyzing the second step of the synthetase reaction. 128 and Thr 129 do little to stabilize the transition state (k cat falls only 2-fold because of these mutations). In this regard, the effects of mutations at positions 128 and 129 and at Arg 143 are similar. The side chain of Arg 143 from a symmetryrelated monomer of the synthetase dimer hydrogen bonds with the 5Ј-phosphoryl group of IMP. The mutation of Arg 143 to leucine or lysine results in a 100-fold increase in K m IMP and no change in k cat (6) . In contrast, the mutation of Asn 38 , which also hydrogen bonds with the 5Ј-phosphoryl group of IMP, has no effect on K m IMP , but causes a 1000-fold decrease in k cat (21) . The 60-fold increase in K m GTP relative to the wild-type enzyme for the Thr 129 3 Ala mutant must come from an indirect mechanism, as Thr 129 and GTP are separated by more than 10 Å. A 10-fold increase in K m GTP was observed for the Arg 143 3 Leu synthetase (6) . Correlated changes in K m IMP and K m GTP probably stem from binding synergism between IMP and GTP, which may originate from the interaction of Asn 38 with the 5Ј-phosphoryl group of IMP. In a crystal structure of an IMPsynthetase complex (32) . In addition, a series of crystal structures (14) demonstrate enhanced interactions between Arg 305 (which putatively binds to the ␣-carboxyl group of Laspartate) and the ␣-phosphoryl group of the guanine nucleotide in the presence of hadacidin (the L-aspartate analogue).
As the Thr 301 3 Ala synthetase is inactive in assays using L-aspartate, we are unable to determine whether the loss of activity is the result of an effect on k cat or to a large increase in K m
Asp
. If the mutation of Thr 301 to alanine eliminates critical hydrogen bonds with the ␤-carboxyl group of L-aspartate, as inferred by crystal structures and model building (3, 12) , then the Thr 301 3 Ala mutant enzyme and the wild-type enzyme should respond comparably to hydroxylamine as an alternative substrate. Indeed, kinetic parameters for the Thr 301 3 Ala mutant are similar to those of the wild-type enzyme when hydroxylamine is used in place of L-aspartate (Table III) . The apparent saturation effect, observed with increasing concentrations of hydroxylamine, may be a consequence then of reduced specific activity of the synthetase at high ionic strength. So, in fact, the reaction involving hydroxylamine may be diffusion-controlled.
The reduced Hill coefficients in reactions that employ hydroxylamine reaffirm the correlated binding of and Asn 273 mutant enzymes, but has no effect on the wild-type enzyme, and similarly succinate and maleate become potent inhibitors of the Thr 273 mutant enzyme. The active sites of position 273 enzymes generally recognize a more diverse set of dicarboxylic acids than does the wild-type active site. This broadened recognition for dicarboxylic acids may allow L-aspartate to bind in different modes to the active sites of the position 273 mutants. Productive binding for L-aspartate is retained in the Thr 273 and Ala 273 mutant enzymes, but other, nonproductive binding modes may be important. These nonproductive binding modes may include, for instance, the ligation of the ␤-carboxyl group of L-aspartate to the active site Mg 2ϩ (backward binding) and/or the binding of L-aspartate in a conformation that does not permit the formation of an intramolecular hydrogen bond between its ␤-carboxyl and ␣-amino groups. Hence, the K m Asp may increase for position 273 mutants enzymes because of competition between productive and nonproductive binding modes of the substrate.
The kinetic properties of the above mutations are clearly consistent with the absolute sequence conservation of valine at position 273. In fact, the selective pressures that retain position 273 as valine are now evident. In vivo concentrations of fumarate, succinate, and L-aspartate in E. coli are ϳ0.4, 0.4, and 2 mM (35, 36) . The mutations at position 273, presented here, are relatively conservative, yet each generates an enzyme that has a K m Asp at least 5-fold higher than intracellular concentrations of L-aspartate and vastly improved binding affinities for succinate and fumarate. Under physiological conditions, then, the position 273 mutant enzymes are inactive.
In approaches, but may not hydrogen bond with, succinate. These subtle differences in conformation may be caused by the mutation at position 273 or to the replacement of hadacidin with succinate/maleate. Information from the hadacidin complex of the Thr 273 enzyme is necessary before definitive conclusions are possible. Nonetheless, the functional consequences of the mutation of Val 273 to threonine are not the result of gross conformational changes at the active site and/or hydrogen bonding of the threonine hydroxyl group OG1.
